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SUMNARY 

Comparisons have been made of low-lift drag measurements obtained 
on eight airplane configurations at  Mach numbers between 0.7 and 1.6 by 
various techniques. Data were obtained from wind-tunnel t e s t s  and from 
rocket-propelled model and airplane f l i g h t  t e s t s .  

In  general, the  agreement of data from various sources i s  good and 
no consistent e f fec ts  of Reynolds number w e r e  discernible i n  the  data. 
Moqt of t he  apparent discrepancies and the  lack of Reynolds number e f fec ts  
a r e  a t ,  leas t  
as  surface condition, individual t e s t  setup and accuracy, and d e t a i l  geo- 
metric differences between the  airplanes and t h e i r  respective models. 

0 qual i ta t ively explainable by consideration of such fac tors  

'P 

INTRODUCTION 

The National Advisory Committee f o r  Aeronautics, a t  the  request of 
t he  U. S. A i r  Force and Bureau of Aeronautics, Department of the  N a v y ,  
conducts many investigations of specif ic  exis t ing o r  proposed service 
a i r c r a f t .  In  the  course of these investigations, questions continually 
a r i s e  as  t o  the dependence one can place on drag measurements obtained 
by various research techniques, par t icular ly  a t  transonic and low super- 
sonic speeds, and on the  r e l i a b i l i t y  of drag reductions obtained by 
extrapolating the  data t o  higher Reynolds numbers. 

I n  order t o  answer at  l ea s t  pa r t i a l ly  the  questions of va l id i ty  of 
model drag data, a col lect ion and comparison has been made of such data 
f o r  eight airplane configmrations. The basic data considered appear i n  
references 1 t o  19 and i n  various unpublished forms. 

rocket-propelled-model f l i g h t  t e s t s ,  and from NACA, U. S. A i r  Force, and 

The data were 
/b obtained from t e s t s  i n  NACA and company-owned wind tunnels, from NACA 



company-conducte 
the  B e l l  X-1, Do 
Douglas XF4D-1, 

Douglas X-3 . . . . . . . . . . . . . . . .  tunnel, rocket, a 
Douglas D-558-11 . . . . . . . . . . . . . .  tunnel, rocket, a 

Douglas XF4D-1 . . . . . . . . . . . . . . .  tunnel, rocket, and f l i g h t  
North American YF-1OOA . . . . . . . . . . . . . . . .  tunnel and rocket 
Republic XF-91 . . . . . . . . . . . . . . . . . . . .  rocket and f l i g h t  

This report presents, compares, and b r i e f ly  discusses the available 
low-lift transonic drag data f o r  these eight airplane configurations. 

SYMBOLS 

CD drag coefficient , D/qS 
1 

CL 

c f 

l i f t  coefficient,  L/qS 

friction-drag coefficient,  Fr ic t ion  drag 

q x Vetted area 

S t o t a l  wing area, sq f t  

D drag, l b  

L l i f t ,  l b  

(2. dynamic pressure, 2: pM2, lb/sq f t  2 

M Mach number 

P s t a t i c  pressure, lb/sq f t  



rn 

c1 viscosi ty  of air ,  slugs/ft-sec 
'*( v velocity, f t /  

E 

m/m, 

wing mean aerodynamic chord, f t  

i n l e t  mass-flow ra t io ,  r a t i o  of mass rate of flow in to  i n l e t  
t o  m a s s  rate of flow through free-stream tube of area equal 
t o  i n l e t  area 

ABBREVIATIONS 

The following abbreviations are used t o  designate the  various research 
f a c i l i t i e s  : 

NACA f l i g h t  airplane f l i g h t  tests conducted by NACA at High-speed 
Fl ight  Research S ta t  ion a t  Edwards A i r  Force Base, 
C a l i f .  

w 

'.s 

DAC f l i g h t  airplane f l i g h t  t e s t s  conducted by Douglas Aircraft  
Company 

MAC f l i g h t  airplane f l i g h t  t e s t s  conducted by McDonnell Aircraft  
Company 

RAC f l i g h t  airplane f l i g h t  t e s t s  conducted by Republic Aviation 
Corporat ioh 

USAF f l i g h t  airplane f l i g h t  t e s t s  conducted by United States A i r  
Force 

Rocket rocket-model f l i g h t  t e s t s  conducted by the  Langley 
P i lo t less  Aircraft  Research Division (PARD) at i t s  
t e s t ing  s ta t ion  at Wallops Island, Va. 

8' HST 

8' TT 

Langley 8-foot high-speed tunnel 

Langley 8-foot transonic tunnel 

16' TT kingley 16-foot transonic tunnel 

6' s a  Ames 6- by 6-foot supersonic tunnel 

4' sm 
OAL 

Langley 4- by )+-foot supersonic pressure tunnel 

Ordnance Aerophysics Laboratory Tunnel, Daingerfield, 
lb- 

Texas 
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CWT Bump 

CWT 

16" ST 

bump tests i n  Southern California Cooperative Wind Tunnel 

Southern California Cooperative Wind Tunnel 

North American Aviation, Inc., 16 x 16-inch Supersonic 

n. 

Wind Tunnel 

DATA 

Source and Presentation 

Drag data f o r  t he  various airplane configurations were obtained 
from the sources l i s t e d  i n  t ab le  I (refs. 1 t o  19) and from some unpub- 
l ished sources such as data l e t t e r s  from the  manufacturers, and from the  
f i l e s  of t he  Langley Aeronautical Laboratory. 

Geometric da'ta f o r  the  various configurations are  presented i n  
t ab le  I and both geometric and aerodynamic data are presented i n  f ig -  
ures 1 t o  8. 

Treatment of Base, Duct, and In l e t  Drag 

Ph Base drag.- Whatever base drag existed i s  included i n  a l l  airplane 
f l i g h t  data. Base drag, calculated from measured base pressures, has 
been subtracted from a l l  wind-tunnel data except f o r  t he  B e l l  X-1 (8' 

rocket-model data except f o r  the  Republic XF-91. The t a r e  procedure of 
the  Langley 8-foot high-speed tunnel eliminated the  necessity f o r  sub- 
t r ac t ing  base pressure f o r  the  X - 1  and D-558-11 data of references 2 
and 6, and measured base pressures on the  Bel l  X-1 model i n  the  16-foot 
transonic tunnel (unpublished) agreed with f l i g h t  base-pressure measure- 
ments. For the  XF-91 rocket model (ref. 18), no base-pressure measure- 
ment s were made. 

HST and 16' TT) and Douglas D-558-11 (8' HST, model A) and from a l l  'd 

Internal  duct drag.- Measured values of in te rna l  duct drag have been 
subtracted from a l l  data obtained on ducted models i n  wind tunnels and on 
ducted' rocket models. 
from the  airplane f l i g h t  data by the  def ini t ion of th rus t  as the  change i n  
momentum between the  inlet and the  ex i t .  

Internal  duct drags have effect ively been subtracted 

In le t  drag.- The following notes outline the  treatment of i n l e t  drag 
f o r  t he  various configurations: 
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N o i n l e t . .  . . . . . . . . . . . . . . . . . . . .  
Airplane and rocket and tunnel models operated at  

approximately same m/mo . . . . . . . . . . . . .  
No i n l e t  . . . . . . . . . . . . . . . . . . . . . .  
Tunnel and f l i g h t  t e s t s  were made w i t h  approximately 

same m / m o .  . . . . . . . . . . . . . . . . . . .  
Rocket, tunnel, and flight t e s t s  were a l l  made with 

approximately skme m/mo . . . . . . . . . . . . .  

’Jonfigurat ion 

. . . .  B e l l  X-1 

. . .  Douglas X-3 . Douglas D-358-11 

. . . .  Bell  X-3 

. Douglas XF4D-1 
Tunnel tests were made w i t h  plugged and faired- 

over i n l e t s  which were assumed equivalent t o  
m/m, = 1. 
were corrected from m/mo = 0 (blocked ducts) 
t o  m/m, = 1 by data from i n l e t  model 
( r e f .  11). 
from 0.7 < m/mo < 1.0 t o  m/mo = 1 by data 

Rocket-model data (unpublished) 

Airplane data were corrected 

from f l i g h t  ( r e f .  10) 

m/m, = 0.p. 

. . . . . . . . . . . . . . .  McDonnell XF3H-1 
Rocket model w i t h  f a i r ed  nose was assumed equivalent t o  

m/mo = O.9+. Airplane data were obtained a t  . . . . . . . . . . . . . . . . . . . . .  Republic P-91 

Area Distributions 

Longitudinal dis t r ibut ions of cross-sectional area and t h e  equiva- 
len t  bodies of revolution f o r  several of t he  configurations are presented 
i n  figures 2 t o  7 as a matter of general in te res t .  The actual  equivalence 
of pressure drag f o r  complete configurations and equivalent bodies i s  dis- 
cussed more f u l l y  i n  references 20 and 21. 

Reynolds Numbers 

The values of Reynolds number shown w i t h  the  airplane f l i gh t  data i n  
f igures  1 t o  8 generally were those l i s t e d  as extremes i n  the  reference 
material. The s t ra ight- l ine f a i r ing  of R against M i s  intended only 
t o  show the  Reynolds number range and not t o  indicate an ac tua l  var ia t ion 
of R w i t h  M. 

DISCUSSION 

B e l l  X-1 Airplane 

Drag data f o r  CL = 0.2 are presented i n  figure 1 f o r  the  B e l l  X-1 
research airplane with 10- . Data were taken from NACA 

1% 
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f l i g h t  t e s t s  ( re f .  1) and from tests i n  the Langley 8-foot high-speed and 
16-foot transonic tunnels (ref. 2 and unpublished data) .  The f l i gh t - t e s t  
drag points were obtained from cross p lo ts  of CD against a made from 
data obtained from l eve l  f l i g h t ,  push-downs, and pull-ups with power of f .  
The s t ab i l i ze r  and elevator set t ings are not given i n  reference 1. 
tunnel data are f o r  s t ab i l i ze r  and elevator se t t ings  of zero. 

The 

The agreement of t he  data from the  three sources i s  considered excel- 
l en t .  The maximum sca t te r  about a mean subsonic leve l  i s  f0.002 or about 
f12 percent i n  drag coefficient and the  maximum sca t t e r  i n  the  steep por- 
t i o n  of the drag rise i s  about f O . O 1  i n  Mach number. 

Douglas X-3 Airplane 

Drag data a t  CL = 0 and 0.3 are  presented i n  figure 2 f o r  the  
Douglas X-3 research airplane. 
l ished f l i g h t  t e s t s  made by Douglas with NACA instrumentation, rocket- 
propelled-model t e s t s  by Langley PARD ( r e f .  3), and t e s t s  i n  the  Ames 
6- by 6-foot supersonic tunnel (ref. 4) .  Both rocket and wind-tunnel 
models were t e s t ed  with two s izes  of horizontal t a i l ;  the airplane w a s  
flown only with the  larger  t a i l .  Rocket-model data a re  fo r  t a i l  set t ings 
between 0 and -3' and t h e  wind-tunnel data are f o r  a t a i l  settang of zero. 
Airplane t a i l  se t t ings varied -2.8O and -4.8'. 

Data were taken frompreliminary unpub- 

The maximum disagreements i n  zero- l i f t  drag coefficient leve l  between 
the  rocket and tunnel models a re  about 0.006 which corresponds t o  about 20 

speeds. 
of M = 1 
with a large s t ing  which extended under the t a i l  boom of the  model i n  
order t o  support the  model at the fuselage base. 
rocket and tunnel data on the  e f fec t  of changing t a i l  s ize  i s  excellent. 
The f l i g h t ,  rocket, and tunnel data agree well at 
the  agreement i n  data f romthe  various sources i s  good. 

' 

t o  25 percent a t  subsonic speeds and t o  about 10 percent at supersonic c 
The difference i n  direction of t h i s  disagreement on e i ther  side 

may be due t o  the  f ac t  t ha t  the  tunnel t e s t s  had t o  be made 

The agreement between 

CL = 0.3. I n  general, 

Douglas D-758-11 Airplane 

Drag data f o r  CL I* 0 and 0.3 are presented i n  f igure 3 f o r  models 
of t he  Douglas D-558-11 research airplane. Data were taken from rocket- 
model tests by Langley PARD (ref. 5), tests i n  the  Langley 8-foot high- 
speed and 4-foot supersonic pressure tunnels ( re fs .  6 and 7), and unpub- 
l ished f l i gh t  t e s t s  and tests i n  the  Langley 8-foot transonic tunnel. 
order t o  obtain rocket-model data at  
the  data f o r  s i x  different models with t a i l  se t t ings varying from about 
-2O t o  -3.7'. 

I n  
CL = 0, cross p lo ts  were made of 

D a t a  from the  Langley 8-foot high-speed and 4-foot 
r C  

t 
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supersonic tunnels were used f o r  t a i l  se t t ings  of - 
and -4O at supersonic speeds; these values were app 
required f o r  t r im at  CL = 0. Flight data were f o  
O.3O t o  3 . 3 O  and 8-foot transonic tunnel data were 
t a i l  se t t ing  of 0'. CL = 0, f l i g h t  and rocket 
t o  suf f ic ien t ly  low speeds t o  provide a comparison i n  subs 
but the  agreement between rocket and tunnel data i n  drag-r 
i s  quite good. Data from the  various sources at  M > 1 a l l  f a l l  within 
a band about f 7  o r  8 percent wide. 
attempted because of the differences i n  base size,  canopy, wing-tip sec- 
t i o n  thickness, and ta i l -surface sweep between the various models. 

"k 

A t  

ach number 

More detai led comparison i s  not 

A t  CL = 0.3, t he  agreement between tunnel and f l i g h t  data i s  quite 
good with the  data from t h e  tunnel model ( w i t h  thinner wing t i p s ,  and no 
canopy at Unpub- 
l ished data from later tests i n  the &-foot supersonic pressure tunnel 
show a ACD 
t a i l  at M = 2.0. This increment would improve the  agreement between 
tunnel and flight tests at  the  higher supersonic speeds. 

M = 1.6) f a l l i n g  s l igh t ly  lower than the  f l i g h t  data. 

of 0.006 from adding the  canopy and extending the  v e r t i c a l  

In  general, the  agreement i n  data from the  various sources i s  quite 
good, considering differences i n  model geometry. 

Bel l  X-5 Airplane 

Drag data at CL = 0.2 are presented i n  figure 4 f o r  t he  Bel l  X-3 
research airplane a t  5 9 O  sweep from f l i g h t  tests ( re f .  8 and l a t e r  unpub- 
l ished data) and t e s t s  i n  the  Langley 8-foot transonic tunnel ( re f .  9). 
Stabi l izer  and elevator set t ings varied from -1.4' t o  -3.1' and from 
+2.50° t o  -7.80, respectively, a s  required during the f l i g h t  tests. The 
tunnel drag data were used for the  same s t ab i l i ze r  and elevator set t ings 
as f o r  the  airplane a t  each Mach number. 

The two sets of data show excellent agreement i n  subsonic level ,  
drag-rise Mach number, and drag l eve l  at M = 1.03. Drag coefficients 
from the  tunnel tests are low compared with f l i g h t  data i n  t h e  region 
between M = 0.96 and 1.0. Discussions with personnel of the  Langley 
8-Foot and 16 -~oo t  Transonic Tunnel Sections indicate that t h i s  difference 
may result e i the r  from model-support interference o r  from differences 
between tunnel and f l i g h t  t e s t s  i n  t he  interact ion between the boundhry 
layer and the wing and body shock waves which, during the  transonic drag 
rise, a re  moving back t o  become trailing-edge shock waves. The boundary- 

r difference may result from differences i n  e i the r  Reynolds number or 
ace condition and the re la t ive ly  thicker  boundary layer on the  tunnel 

models would tend t o  reduce the  in tens i ty  of the shock waves and drag 
r i s e  u n t i l  the  shock moves completely off the body at s l i gh t ly  supersonic 

F h  
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speeds. 
fur ther  investigation. 

Although the  effect noted is  not large it i s  believed worthy of 

McDonnell XF3H-l Airplane 

Minimum drag data a re  presented i n  figure 5 f o r  t he  McDonnell XF3H-l 
Data were taken from f l i g h t  tests by McDonnell (ref. lo), airplane. 

rocket-model t e s t s  by Langley PARD (unpublished data and r e f .  ll), t e s t s  
on the  Southern California Cooperative Wind Tunnel bump (ref. 12), and 
t e s t s  i n  the  Ordnance Aerophysics Laboratory tunnel a t  Daingerfield, 
Texas ( re f .  13). 

The f l i g h t ,  rocket, and bunrp data a re  i n  very good agreement up t o  
M = 1.05 i n  subsonic level ,  drag-rise Mach number, and transonic pressure- 
drag rise. The marked departure, at M = 1.05, between rocket and bump 
data may be due t o  l imitat ions t o  the  bump t e s t  technique f o r  drag t e s t s  
or t o  t h e  par t icular  model-bump combination used. 
a t  M > 1.05 between rocket and bump data and the  difference a t  
between tunnel data and log ica l  extrapolations of the rocket data appear 
t o  be due t o  the  differences between the  models. The data i n  refer- 
ences 11, 22, and 23 show tha t  a model with the  XF3H-l i n l e t  had con- 
siderably higher supersonic drag than a fa i red  nose model. 

Part  of t h e  difference 
M = 1.5 

I n  general, the  agreement i n  the  data from the  various sources i s  
very good considering the  geometric differences between the  various models f *  

Douglas XF4D-1 Airplane r" 

Minimum drag data are  presented i n  figure 6 f o r  the  Douglas XF4D-1 
airplane.  
rocket-model t e s t s  by Langley PARD ( re f .  141, and t e s t s  i n  the Ames 
6- by 6-foot supersonic tunnel ( r e f .  15). 

Data were taken from f l i g h t  t e s t s  by Douglas (unpublished), 

The agreement i n  subsonic drag level ,  drag-rise Mach number, and 
transonic pressure-drag r i s e  i s  excellent f o r  the  f l i g h t ,  rocket, and 
tunnel data. The small difference between rocket and tunnel data a t  
supersonic speeds may be due t o  differences i n  surface condition and 
extent of laminar flow between the  two models. 

North American YF-1OOA Airplane 

Minimum drag data f o r  the  North American YF-1OOA airplane are pre- 
Data were taken from rocket-model tests by Langley sented i n  f igure 7. 

PARD (unpublished), tests i n  the  Langley 16-foat transonic tunnel 
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(unpublished), and tests i n  North American Supersonic Wind Tunnel and 
Southern California Cooperative Wind Tunnel ( r e f s  . 16 and 1.7) . 

The agreement of t he  wind-tunnel and rocket-model drag data i s  very 
The d i f fe r -  good throughout t h e  Mach number range covered by the  tests. 

ences i n  drag coefficients shown between the  tunnel (model B)  and rocket- 
model t e s t s  at supersonic speeds may be an e f fec t  of Reynolds number o r  
of unknown d e t a i l  geometric differences between the  various models. 
reasons f o r  the s l i gh t ly  lower drags shown by the  transonic tunnel data 
(model A)  at 
differences i n  shock-boundary-layer interact ion as discussed f o r  the  
Bel l  X-7 data despite the  geometric differences noted i n  figure 7. 

The 

M x 1 are believed t o  be model-support interference or 

Republic XF-91 Airplane 

Low-lift drag data fo r  the Republic XF-91 airplane are presented i n  
figure 8. 
f l i g h t  tests (unpublished), and from Langley PARD rocket-model t e s t s  
( r e f .  18). 

Data were taken from A i r  Force f l i g h t  t e s t s  ( r e f .  19), Republic 

The agreement i n  subsonic drag level,  drag-rise Mach number and 
presgure-drag r i s e  t o  M = 1.0 is  very good. The small differences a t  
subsonic speeds (17 percent maximum) may be due t o  differences i n  Reynolds 
number or surface condition, or t o  t he  difference between faired-nose and 
open-inlet drag. Data i n  references 22 and 23 indicate tha t  a s i m i l a r  
open i n l e t  had l e s s  drag than a fa i red  nose; the  difference (corrected 
for r a t i o  of wing area t o  in l e t  area) amounts t o  0.0036 f o r  M < 0.95, 
0.0030 at M = 1, and 0 a t  M = 1.15. 

In  general, the  rocket-model and airplane drag data are  i n  very good 
agreement . 

Reynolds Number Effects 

I n  order t o  discover any trends or ef fec ts  on drag of t he  Reynolds 
number of the various t e s t s ,  the  drag data presented i n  figures 1 t o  8 
were plotted against Reynolds number at  constant Mach number. The major- 
i t y  of the data were fo r  the  Reynolds number range between 1 x 106 

6 6 and 10 x 10 o r  12 x 10 and thus were i n  the  region where the  t rans i t ion  
from laminar t o  turbulent boundary layer would be expected t o  occur. 
Since t rans i t ion  i s  so sensit ive t o  i n i t i a l  air-stream turbulence, f i ne  
construction details, and surface roughness, no consistent patterns w e r e  
discernible i n  the  lower Reynolds number data. For instance, two f a i r l y  
comparable cases a re  the  Ames 6-foot-tunnel and Langley rocket-model tests 
of t he  Douglas X-3 and Douglas XF4D-1 airplanes: f o r  the  X-3 the  tunnel .sr 

r , 
drag data at R x 2 x lob t o  2.5 x lob were lower than rocket data at  

'* 
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R - 6 x 1 0  6 t o 1 0 x  a t  subsonic speed 
speeds which might i ate tha t  t he  bounda 
length of laminar d w a s  i n  a s t a t e  of 
but w a s  almost f u l l y  turbulent at  supersonic 
the other hand the tunnel and rocket data agr 
the  tunnel values of CD were lower at  sup 
indicate the  existence of a greater extent 
model at supersonic speeds rather than at subsonic speeds as w a s  indi- 
cated f o r  the X-3 t e s t s .  

The greatest  Reynolds number ranges of t he  data presented herein 
are f o r  the Douglas XF4D-1 and McDonnell XF3H-l configurations. 
data are  shown i n  figure 9 as p lo ts  of C,, against R a t  M = 0.8 t o  0.9. 
A l s o  shown i n  figure 9 are values of skin f r i c t i o n  drag 

Wing area 
fo r  each configuration where w a s  obtained f o r  smooth surfaces w i t h  
tukbulent boundary layers at M x 1 from reference 24. The level  and 
shape of the  "smboth Cf" 
ra ted by many investigations, reference 25, fo r  example. 

These 

(cf Wetted area) 

Cf 

curve of reference 24 have been well corrobo- 

The drag data f o r  the XF3H-l and XF4D-1 show essent ia l ly  no effect  
of Reynolds number i n  contrast t o  the  marked reduction i n  
increased R shown by the  Cf curve. The analysis of Cf f o r  rough 
surfaces presented i n  reference 24 indicates t ha t  an invariance Of CD 
w i t h  R might be expected fo r  airplanes w i t h  mass-production-type fV 

surfaces. The l eve l  of CD shown i n  figure 9 is, however, about 0.003 t o  
0.004 higher than would be estimated from reference 24. It is quite pos- 

surfaces and the comparatively high CD a t  high R may r e s u l t  from such 
i t e m s  as leakage, gun ports, cooling air, and other items that could not 
be duplicated properly on the wind-tunnel and rocket models. 

CD w i t h  

sible, also, that both the airplanes had be t t e r  than "mass-production" 9' 

I n  any event, the available data do not indicate tha t  one should 
depend on obtaining a large reduction i n  drag f o r  an airplane at high 
Reynolds numbers over the  drag shown by wind-tunnel or  rocket-model t e s t s  
at Reynolds numbers of 1 x 10 6 t o  10 x lo6. 

CONCLUDING REMARKS 

From the  various data comparisons presented i n  the  figures and pre- 
viously discussed, it appears t ha t  good agreement ex is t s  i n  drag data 
from various sources when care is  taken t o  compare the data under similar 
conditions of lift, t a i l  set t ing,  inlet mass-flow, and so for th .  In  
cases where appreciable disagreement occurred the prime contributing 
fac tor  appeared t o  be geometric differences between the airplane and 



various models. 
discernible i n  the  data presented; these e f f ec t s  probably were obscured 
by such items as differences i n  details of geometry, surface condition, 
cooling a i r  flow, and other items for  the  data from various sources. 

No consistent e f fec ts  of Reynolds number on drag were 

Langley Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field, Va.,  June 3 ,  1954. 
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